Deep transcranial magnetic stimulation (dTMS) is a relatively new technique that uses different coils for the treatment of different neuropathologies. The coils are made of soft copper windings in multiple planes that lie adjacent to the skull. They are located within a special helmet so that their magnetic fields combine and improve depth penetration. The H1 dTMS coil is designed to stimulate bilateral prefrontal cortices with greater effective stimulation over the left than the right. By positioning the left side of the coil close to the left dorsolateral prefrontal cortex (DLPFC), the H1 coil was used in a multisite study, leading to FDA approval for treatment-resistant depression. In this same position, the H1 coil was also explored as a possible treatment for negative symptoms of schizophrenia, bipolar depression, and migraine. When moved to different positions over the subject's skull, the H1 coil was also explored as a possible treatment for other conditions. Such manipulation of the H1 coil was demonstrated for PTSD and alcohol dependence by positioning it over the medial prefrontal cortex (mPFC), for anxiety by positioning it over the right prefrontal cortex (rPFC), for auditory hallucinations and tinnitus by positioning it over the temporoparietal junction (TPJ), and for Parkinson's and fatigue from multiple sclerosis (MS) by positioning it over the motor cortex (MC) and PFC. Corresponding electrical field diagrams measured with an oscilloscope through a saline-filled head are included.
Introduction
Until recently, only superficial, repetitive transcranial magnetic stimulation (rTMS) coils, such as the circular, figure-8, or double-cone coils, were available. Although those coils could easily be moved anywhere over the skull to target altered brain activity in different disorders, the decay of their electrical fields was quite rapid. This fast decay limited their efficacy and made them impractical for use in cases where deeper stimulation is necessary, since the high stimulator output that is required can be dangerous and painful to the patient. Moreover, the focality of figure-8 and double-cone coils truly requires neuro-navigation, especially if one wants to be certain that they are affecting the correct anatomical target 1, 2, 3 .
In recent years, the clinical use of rTMS has progressed because of two factors. The first is advances in functional neuroimaging, clarifying meaningful and specific neuroanatomical targets for psychiatric and neurological symptoms and disorders. The second is advances in bioengineering that enabled the delivery of non-invasive, tolerable, high-frequency stimulation to deep brain regions with specifically-designed dTMS H-coils 4, 5 and improved cooling technologies (long cooling time between trains results in very long treatment sessions). Together, these developments allow long-term normalization of pathological brain activity in a variety of targets that were identified for a specific symptom or condition. The combination of these advances greatly expands the physician's toolbox, changing the practice of psychiatry and neurology, as it provides a safe and effective way to treat even drug-resistant patients.
There are fourteen different H-coils designed to target specific brain regions, and they are available for research or for clinical use in different countries. However, only the H1 coil is FDA-cleared for commercial use, and therefore, among the different H-coils, it is the most accessible coil for patients. Because of this, it is important for clinicians to be familiar with the alternative protocols that can be administered using the H1 coil and how each can be used to benefit their refractory patients. It is important to qualify that there are better-designed H-coils for symptoms that cannot be alleviated by targeting the left DLPFC. However, since the H1 coil is currently the most readily-available H-coil, this paper is intended to explain how to position it appropriately in an off-label fashion. Patients should receive booster treatments on an as needed basis.
NOTE: H1 Protocol: The focus of this paper is to demonstrate the positioning of the coil over the MC, lPFC, mPFC, rPFC, and left TPJ (see steps 2-7 below). It will not focus on programing the stimulator. That information is more readily available in the instructions for use that comes with the device. These protocols were designed in accordance with the principles outlined in the declaration of Helsinki.
NOTE: The process of producing field maps based on the head model measurements is beyond the scope of this paper. In short, the field values at any point are normalized according to the relevant protocol. For instance, for depression, the accepted protocol is 120% of MT. Hence, the field values are scaled so that the value at the hand MC is 120 V/m, while the threshold for neural stimulation is defined as 100 V/m. Then, a color map of the electric field distribution in the brain is produced, where pixels with a field of 100 V/m or above are indicated in red so that one can see which brain regions are stimulated above the threshold for neural stimulation. The colored field maps are superimposed on MRI scans of the brain 26, 27 .
Representative Results
See the references in Table 1 for preliminary results of the various protocols. Figures 2-5 are representative electric field diagrams of the H1 coil in different anatomical positions. One example of H1 manipulation to a different position was with PTSD patients that failed to benefit from antidepressants or psychotherapy 14 . In this study, the H1 coil was positioned over the mPFC. As seen in Figure 3 , positioning the coil in this fashion clearly stimulates the mPFC; this is not the same pattern of neuronal activation that is seen when the H1 coil is placed over the left PFC, in Figure 2 . Thirty PTSD patients were randomly assigned to receive dTMS after brief exposure to a recorded script of their traumatic event, dTMS after brief exposure to a non-traumatic script, or sham stimulation after brief exposure to their traumatic script. The stimulation administration consisted of 12 sessions (3 per week for 4 weeks) of 20-Hz stimulation at 120% of MT, with forty-two 2 sec trains and a 20 sec inter-train interval for a total of 1,680 pulses. The primary outcome measure was the CAPS score at four weeks. A graphical representation of the selected results can be seen in Figure 6 14 . Analysis of the results revealed a significant improvement only in the group that received active dTMS after brief exposure to the traumatic event, with a group x time interaction for the intrusion component of the CAPS. Following completion of this study, a multi-center study of dTMS to the mPFC for PTSD was initiated.
Discussion
Critical Steps Within the Protocol The most important component of any dTMS protocol is the correct measurement of the MT. The MT determines the individualized dosage or stimulator intensity necessary and safe to treat the patient. If a patient's MT is incorrectly measured at higher than their actual MT, they will end up getting a higher intensity treatment, increasing the patient's seizure risk. Similarly, if the patient receives too low of a dose (e.g., 110% of the MT instead of 120% during treatment for depression), they will not go into remission. It is also imperative that the component of the coil that is being used is positioned on the head over the region one is trying to stimulate. When stimulating the left PFC, the wires from the left front half of the helmet should be touching the skull overlying the left PFC; there may be several centimeters of space between the right side of the helmet and the skull. When stimulating the right PFC, the right front half of the helmet should be touching the skull overlying the right PFC, and there will probably be a space between the left side of the helmet and the skull. When stimulating the mPFC, the front of the helmet should be pushed down onto the top of the forehead. The sides of the coil can be brought closer together by tightening a drawstring in the back of the coil.
Modifications and troubleshooting
The most common modifications in clinical practice are adjustments to the tilt of the coil while it is over the PFC, due to comfort, and differences in the distance of the coil from the MC, caused by variations in head size. If a patient feels too much right temporal stimulation during the left PFC protocol for depression, the helmet can be tilted towards the symmetrical position. Additionally, if advancing the coil 6 cm from the MC puts the front of the helmet below the patient's eyebrows, the helmet should be adjusted posteriorly. If there is difficulty in finding the resting MT, the first step should be to find the active MT, which is always lower. Table 1 , with the exception of major depression, are far from final. Even the depression protocol may not be optimal. These are potential protocols that were conceived according to knowledge available at the time of the specific experiment, and when they were utilized over those anatomical regions, they were successful. As time goes by, protocols can be improved due to accumulation of knowledge with regard to the brain network that is involved in the specific neuropathology, dTMS field distribution, mechanism of action, optimal parameters, safety data, device durability data, and publication of more and larger case series. In addition, if one wanted to stimulate a very focal, specific target, this would not be an appropriate coil. For such a goal, the figure-8 coil, which stimulates very focal and superficial regions on the cortex surface, would be better suited. However, since stimulation by the figure-8 coil is so focal, it can easily miss important DLPFC structures relevant for mood disorders. Indeed, with the simple 5-cm rule, the figure-8 may even be located outside the PFC 1, 29 . Moreover, recent studies suggest that stimulation of prefrontal cortical regions with extensive connections to the subgenual cingulate may be crucial for the antidepressant action of standard rTMS 2, 3, 30 . Since the exact location of these cortex regions varies greatly between individuals 3 , optimal stimulation targets may be easily missed with a figure-8 coil. In order to remedy this problem, the physician must send the patient to have an fMRI and must use neuro-navigation. All these problems do not arise with the H1, since its broad field stimulates all the relevant PFC targets.
Limitations of the technique The stimulation protocols listed in
Significance of the technique with respect to existing/alternative methods The H1 dTMS coil is the newest coil to enter the rTMS arena. It has been widely adopted by psychiatrists due to its high efficacy and tolerability for patients with treatment-resistant depression, its short treatment time, and its ease in determining the MT. All of these are functions of the ability of the H1 to stimulate a much deeper and larger volume of neuronal tissue than figure-8 coils. However, the fact the coil is in a helmet and is not visible to the eye makes the idea of moving the coil from its intended target almost heretical. Additionally, the hard external helmet causes clinicians to forget that a key aspect of the H-coils is their design with soft, bendable copper wires. The base of the coil is meant to be adjacent to the skull near the neuronal fibers that one wants to stimulate. It is conceptually difficult for clinicians who have not taken math and physics in many years to comprehend the design of the dTMS coils. Figure-8 coils are easier to understand, completely visible, and their effects are very focal. Clinicians are much more comfortable moving them from location to location. Additionally, they have been in use for many more years, and there are more publications describing their use for offlabel conditions. However, this should not discourage the application of the H1 coil to targets outside the DLPFC in accordance with the protocols that were reviewed here or in a novel fashion.
Regarding the electric field diagrams as a measurement of the potential effects of the device, electric field diagrams measured from a saline solution-filled head model have advantages over alternative methods. Some investigators have calculated or modeled the induced fields using a spherical head model, which is less accurate 31, 32, 33, 34 . Measuring the induced field of the real coil in a realistically-shaped head model filled with saline is more representative than any mathematical model, but it is not completely accurate 35 . Recently, investigators have modeled the electric fields in anatomically-correct virtual tissue 34, 36, 37, 38 . More accurate electric field diagrams could be obtained from cadavers implanted with multiple recording electrodes, but this experiment has not yet been done.
Future applications or directions after mastering this technique After understanding the concept of reviewing the coil diagram and the electric field diagram to apply the coil to different anatomical targets, use the same procedure for different H-coils and disorders based on what is already known in the literature with regard to possible targets and stimulation parameters. For example, the H7 coil is designed to be placed over the mPFC and anterior cingulate cortex (ACC) for the treatment of OCD. The H7 coil can be placed over the medial MC for the treatment of diabetic neuropathy of the feet and over the posterior parietal cortex (PPC) for stimulation of the precuneus in mild cognitive impairment.
